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Abstract End-use quality is one of the priorities of mod-
ern wheat (Triticum aestivum L.) breeding. Even though
quality is a complex trait, high molecular weight (HMW)
glutenins play a major role in determining the bread making
quality of wheat. DNA markers developed from the
sequences of HMW glutenin genes were reported in several
previous studies to facilitate marker-assisted selection
(MAS). However, most of the previously available markers
are dominant and amplify large DNA fragments, and thus
are not ideal for high throughput genotyping using modern
equipment. The objective of this study was to develop and
validate co-dominant markers suitable for high throughput
MAS for HMW glutenin subunits encoded at the Glu-A1
and Glu-D1 loci. Indels were identiWed by sequence align-
ment of allelic HMW glutenin genes, and were targeted to
develop locus-speciWc co-dominant markers. Marker
UMN19 was developed by targeting an 18-bp deletion in
the coding sequence of subunit Ax2* of Glu-A1. A single
DNA fragment was ampliWed by marker UMN19, and was
placed onto chromosome 1AL. Sixteen wheat cultivars with
known HMW glutenin subunits were used to validate
marker UMN19. The cultivars with subunit Ax2* ampliWed
the 362-bp fragment as expected, and a 344-bp fragment
was observed for cultivars with subunit Ax1 or the Ax-null
allele. Two co-dominant markers, UMN25 and UMN26,

were developed for Glu-D1 by targeting the fragment size
polymorphic sites between subunits Dx2 and Dx5, and
between Dy10 and Dy12, respectively. The 16 wheat culti-
vars with known HMW glutenin subunit composition were
genotyped with markers UMN25 and UMN26, and the
genotypes perfectly matched their subunit types. Using an
Applied Biosystems 3130xl Genetic Analyzer, four F2 pop-
ulations segregating for the Glu-A1 or Glu-D1 locus were
successfully genotyped with primers UMN19, UMN25 and
UMN26 labeled with Xuorescent dyes.

Introduction

Wheat is the most important grain source for human food,
and is consumed in many diVerent forms. The end-use qual-
ity of wheat is mainly determined by the high molecular
weight (HMW) glutenins, which are the major determinants
of the unique visco-elastic properties of wheat dough
(Payne 1987; Shewry and Halford 2002). HMW glutenins
are encoded by the Glu-1 loci on the long arms of chromo-
somes 1A, 1B and 1D, and these loci are designated Glu-
A1, Glu-B1 and Glu-D1, respectively. Each locus consists
of two tightly linked HMW glutenin genes, one x-type and
one y-type. Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) is used for the separation and
identiWcation of HMW glutenin subunits in wheat, which
are named numerically based on their mobility. The HMW
glutenin subunits are referred to in this study by both the
genome from which the subunit is derived and the x-type or
y-type of the subunit, such as Ax1 and Dy10. The y-type
gene on chromosome 1A is not expressed in most common
wheat cultivars.

The HMW glutenin subunit composition alone may
account for 47–60% of the variation in bread making quality
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of wheat (Payne et al. 1987; Lukow et al. 1989). After com-
paring the bread making quality and HMW glutenin subunit
composition for a large collection of wheat cultivars, Payne
et al. (1987) assigned quality scores to each of the common
alleles of the Glu-1 loci. The Glu-D1 locus has the largest
eVect on bread making quality. The combination of Dx5
and Dy10 is associated with strong dough and good bread
making quality (Payne et al. 1981; Popineau et al. 1994),
and the allelic pair Dx2 + Dy12 has negative eVects on
bread making quality. For the Glu-A1 locus, both the Ax1
and Ax2* subunits have positive eVects on bread making
quality and the null allele has a low quality score. Both the
alleles Glu-B1d (Bx6 + By8) and Glu-B1e (Bx20 + By20)
(Lukow et al. 1989; Shewry et al. 2003) have negative
eVects on dough characteristics and bread making quality.
However, the over-expressed Bx7 subunit encoded by Glu-
B1al is associated with improved dough strength of wheat
Xour (Marchylo et al. 1992; Radovanovic et al. 2002;
Butow et al. 2004). The HMW glutenin subunits are sub-
jected to intense selection in most bread wheat breeding
programs due to these diVerences in end-use quality.

Separation of HWM glutenin subunits by SDS-PAGE is
not amenable to high throughput analysis. Fortunately,
extensive and intensive genomic studies have been docu-
mented for the Glu-1 loci. All six HMW glutenin genes of
hexaploid wheat have been cloned and sequenced and BAC
clones spanning the Glu-1 loci have been sequenced from
hexaploid, tetraploid and diploid wheat (Gu et al. 2004,
2006; Kong et al. 2004; Ragupathy et al. 2008). All these
available genomic sequences are useful for development of
DNA markers to facilitate marker-assisted selection (MAS)
for the HMW glutenin subunits of wheat.

Several research groups reported DNA markers for
HMW glutenin subunits in wheat. Gale (2005) reviewed
these markers for HMW glutenins in addition to markers
for other quality traits in wheat. Only DNA markers not
covered in that review are brieXy summarized here. Sch-
warz et al. (2003) developed and validated a SNP (single
nucleotide polymorphism) marker located in the promoter
region of the x-type genes at the Glu-D1 locus. This SNP
marker can be used to discriminate subunits Dx2 and Dx5.
Schwarz et al. (2004) reported a co-dominant DNA marker
to select against the Bx6 subunit, which has a negative
eVect on the bread making quality of wheat. Based on the
sequences of y-type genes at the Glu-B1 locus, Lei et al.
(2006) developed several dominant markers for the Glu-B1
locus. Recently, Ragupathy et al. (2008) reported DNA
markers speciWc to the Glu-B1al allele encoding the over-
expressed Bx7 subunit.

Most of these previously available markers for HMW
glutenins were developed for genotyping with agarose gel
assays, and these markers have one or more of the follow-
ing drawbacks for high throughput MAS. First, most of

them are dominant markers, meaning that homozygous and
heterozygous plants cannot be distinguished in positive
PCR reactions, and it is diYcult to discriminate negative
reactions from PCR failure. Second, non-genome speciWc
ampliWcation leads to multiple PCR products and compli-
cates MAS. Finally, some of the previous markers amplify
the entire coding region of HMW glutenin genes. Large
PCR products are diYcult to amplify, especially with low
quality DNA templates, and the fragment sizes may exceed
the limit of the commercially available molecular weight
size standards for DNA sequencers. The objective of this
study was to develop and validate co-dominant markers
suitable for high throughput MAS of HMW glutenin sub-
units encoded at the Glu-A1 and Glu-D1 loci.

Materials and methods

Three nulli-tetrasomic lines (N1AT1B, N1BT1A, and
N1DT1A) (Sears 1966) and three short arm ditelosomic
lines (Dt1AS, Dt1BS and Dt1DS) (Sears and Sears 1978)
of Chinese Spring were used to conWrm the location of new
DNA markers for HMW glutenin subunits on the long arms
of wheat chromosome 1. Sixteen wheat cultivars (Table 1)
were chosen from the database of HMW glutenin composi-
tion (http://www.aaccnet.org/GRAINBIN/) to validate
these new DNA markers. Four F2 populations (Table 2)
segregating for the HMW glutenin subunits were chosen
from the wheat breeding program at the University of Min-
nesota, and were genotyped to test whether these new
markers are suitable for high throughput MAS.

The DNA and protein sequences of HMW glutenin sub-
units (Table 3) encoded by the Glu-A1 and Glu-D1 loci
were retrieved from GenBank. The sequences of each locus
were aligned using software ClustalW2 (Larkin et al. 2007)
to identify fragment size polymorphisms. The polymorphic
sites were targeted for primer design using program Primer
3 (Rozen and Skaletsky 2000) with expected product sizes
of 200-500 bp. To amplify a single PCR product, all prim-
ers have only one prime site on the targeted gene, and are
speciWc to the targeted HMW glutenin locus.

DNA was extracted as described by Liu and Anderson
(2003) from the Chinese Spring aneuploid lines and the 16
wheat cultivars used for marker validation. PCR was per-
formed with annealing temperature at 60°C. The PCR proto-
col and gel analysis were conducted as described by Liu and
Anderson (2003). The high throughput genotyping was per-
formed at the USDA-ARS small grains genotyping lab in
Fargo, North Dakota. The methods for leaf sample collection
and DNA extraction from the four breeding populations were
conducted as described by Bodo Slotta et al. (2008). PCR
products ampliWed with primers labeled with Xuorescent
dyes were separated and analyzed on an Applied Biosystems
123
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3130xl Genetic Analyzer (Foster City, CA, USA). Chi-
square tests were performed for each F2 population to check
if the genotypes Wt the expected 1:2:1 ratio.

Results

Development and validation of co-dominant markers 
for HMW glutenin subunits

Except for one 15-bp deletion identiWed only in the null
allele (AY494981) of durum wheat, there are no other
indels among the sequences of Ax1 and Ax-null. However,

one 18-bp deletion and one 27-bp deletion in Ax2* were
identiWed. The 18-bp deletion (Fig. 1a) was targeted for
primer design and marker UMN19 was developed
(Table 4). A single DNA fragment was ampliWed with
marker UMN19. As expected, marker UMN19 was mapped
onto chromosome 1AL by aneuploid analysis (Fig. 2).

Among the 16 wheat cultivars (Table 1) used to validate
marker UMN19, the cultivars with subunit Ax1 or the null
allele were expected to amplify the 362-bp DNA fragment,
and the 344-bp fragment was expected for cultivars with
subunit Ax2* (Table 4). Except for cultivar Wangshuibai,
the other 15 cultivars had the expected product sizes for
marker UMN19 (Fig. 3). To investigate the discrepancy,
cultivar Wangshuibai was genotyped with the DNA mark-
ers reported by LaWandra et al. (1997). Wangshuibai was
positive for primer combination a and b, and was negative
for primer pair c and d (data not shown). Thus, cultivar
Wangshuibai used in this study possesses a null allele at the
Glu-A1 locus instead of the Ax2* subunit reported in the
database. Therefore, the genotypes with marker UMN19
were consistent with the HMW glutenin composition for all
16 wheat cultivars.

Three indels were revealed by comparison of subunits
Dx2 and Dx5. A hexamer amino acid deletion was found
near each end of the Dx5 repetitive domain, and a 12 amino
acid insertion in Dx5 was located between those two

Table 1 Wheat cultivars of known HMW glutenin subunits used to
validate DNA markers reported in this study

a HWM Glutenin alleles as reported at http://www.aaccnet.org/
GRAINBIN/
b The cultivar Wangshiubai used in this study contains a null allele
instead of the subunit Ax2* at the Glu-A1 locus based on our study and
using markers reported by LaWandra et al (1997)

Cultivar Origin HMW glutenin allelesa

Glu-A1 Glu-D1

Oslo Canada 1 2 + 12

Marquis Canada 1 5 + 10

Rescue Canada 1 5 + 10

Maringa Brazil 2* 2 + 12

Cranbrook Australia 2* 2 + 12

Wangshuibai China 2*b 2 + 12

Recital France 2* 5 + 10

Wheaton USA 2* 5 + 10

Bobwhite Mexico 2* 5 + 10

Stoa USA 2* 5 + 10

Roblin Canada 2* 5 + 10

Glenlea Canada 2* 5 + 10

Frontana Brazil null 2 + 12

Fielder USA null 2 + 12

Chinese Spring China null 2 + 12

Sumai 3 China null 2 + 12

Table 2 Marker-assisted selection results of four F2 populations segregating for the HMW glutenin subunits at the Glu-A1 or Glu-D1 locus

F homozygous for allele from the female, H heterozygous, M homozygous for allele from the male
a P value is based on the chi-square goodness-of-Wt to a 1:2:1 ratio of F:H:M alleles

Pop. Pedigree Subunit Marker No. of plants P valuea

Total F H M

1. MN01311-A-1/MN03119 Dx5 + Dy10/Dx2 + Dy12 UMN25, UMN26 321 75 160 86 0.6849

2. MN97803-3BS + 6BS/MN01311-A-1 Dx2 + Dy12/Dx5 + Dy10 UMN25, UMN26 351 126 146 79 <0.001

3. MN99126-1-3-7/MN02072-7 Dx2 + Dy12/Dx5 + Dy10 UMN26 317 78 157 82 0.9374

4. MN99220-4-1/MN01333-A-2 Ax-null/Ax2* UMN19 296 78 146 72 0.8619

Table 3 GenBank accessions of wheat HMW glutenin subunits used
to develop DNA markers

Subunit Accession no. Reference

Ax1 X61009 Halford et al. 1992

Ax2* M22208 Anderson and Greene 1989

Ax-null AF145590 De Bustos et al. 2000

Ax-null U19774 Xin et al. 1992

Ax-null AY494981 Gu et al. 2004

Dx2 X03346 Sugiyama et al. 1985

Dx5 X12928 Anderson et al. 1989

Dy10 X12929 Anderson et al. 1989

Dy12 X03041 Thompson et al. 1985
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hexamer amino acid deletions. Marker UMN25 (Fig. 1b;
Table 4) was designed to target the hexamer amino acid
deletion near the start site of the repetitive domain. Marker
UMN25 produced a single PCR fragment and it was placed
onto chromosome 1DL by aneuploid analysis (Fig. 2). The
expected product sizes are 281-bp and 299-bp for subunit
Dx5 and Dx2, respectively (Table 4).

Sequence alignment of subunit Dy10 and Dy12
revealed four indels. The Wrst hexamer amino acid deletion

in Dy10 was targeted for primer design and a co-dominant
marker UMN26 (Fig. 1c; Table 4) was developed. As
expected, marker UMN26 was also placed on chromosome
1DL based on aneuploid analysis (Fig. 2). The expected
sizes for subunits Dy10 and Dy12 are 397 and 415 bp,
respectively. The marker genotypes revealed by UMN25
and UMN26 completely match their HMW glutenin sub-
units for the Glu-D1 locus for all the 16 cultivars (Table 1;
Fig. 3).

Fig. 1 Nucleotide sequence alignment of the region ampliWed by each
new DNA marker for HMW glutenin genes encoded by the Glu-A1 and
Glu-D1 loci. Alleles are labeled on the left side of the sequences,
followed by their GenBank accession number. The deleted nucleotides
are shown as dashes. The nucleotide polymorphism is highlighted by

lighter background. The primer binding sites are at the ends of
sequence alignment. a Marker UMN19; b marker UMN25 and c marker
UMN26. Our unpublished results indicated the tri-nucleotide deletion
GCC in subunit Dx2 shown in b is due to a sequencing error
123
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MAS for HMW glutenin subunits 
using the new DNA markers

The expected fragment sizes were observed for all parents
of the four F2 populations, and the MAS results were sum-
marized in Table 2. Populations 1 and 2 were segregating
for the Glu-D1 locus, and were genotyped with markers
UMN25 and UMN26. Among 672 F2 plants, the genotypes
for these two markers agreed with each other and no recom-
bination event was observed. The expected 1:2:1 ratio was
observed for population 1, but population 2 had more plants
with the homozygous alleles derived from the female
parent, MN97803-3BS + 6BS. We also genotyped population
2 with other DNA markers, and none of them Wt the
expected 1:2:1 ratio (data not shown). It is possible that
some unknown genetic factors caused the observed segre-
gation distortion in population 2; however, the observed
distortion was most likely caused by an error during cross-
ing of the two parents. We suspect this F2 population was
mixed with self-pollinated seeds of the female parent.
Population 3 was genotyped with marker UMN26 alone, and

the expected 1:2:1 ratio was observed. Population 4 was
segregating for the Glu-A1 locus and was genotyped with
marker UMN19. The female parent, MN99220-4-1, pos-
sesses the Ax-null allele and the male parent MN01333-A-
2 contains the subunit Ax2*. The expected 1:2:1 ratio was
observed for population 4.

Discussion

Three co-dominant markers, UMN19, UMN25 and
UMN26, for HMW glutenin genes encoded at the Glu-A1
and Glu-D1 loci were developed and validated in this
study. These three new DNA markers worked well with the
DNA extracted using a high throughput protocol, and four
breeding populations were successfully genotyped with the
Applied Biosystems 3130xl Genetic Analyzer by the
USDA-ARS genotyping lab in Fargo, North Dakota. There-
fore, these markers can be applied to large-scale MAS for
HMW glutenin subunits in wheat.

Because marker UMN19 is monomorphic between the
Ax1 subunit and the Ax-null allele (Fig. 3), it is challenging
to select against the Ax-null allele whenever the Ax1 sub-
unit is present in segregating populations. Fortunately, the

Fig. 2 Validation of the chromosome and chromosome arm locations
of the new genome-speciWc markers for HMW glutenin subunits using
chromosome 1 aneuploid lines of Chinese Spring. Faint PCR products
were ampliWed from the Chinese Spring ditelosomic line Dt1DS for
both marker UMN25 and UMN26 in repeated experiments. This may
be caused by minor DNA contamination of the stock DNA

Table 4 New DNA markers for 
wheat HMW glutenin subunits 
at the Glu-A1 and Glu-D1 locus

Locus Marker Primer: Sequence (5�–3�) Expected size (bp)

Glu-A1 UMN19 UMN19F: CGAGACAATATGAGCAGCAAG
UMN19R: CTGCCATGGAGAAGTTGGA

Ax2* 344; Ax1, 
Ax-null 362

Glu-D1 UMN25 UMN25F: GGGACAATACGAGCAGCAAA Dx2 299

UMN25R: CTTGTTCCGGTTGTTGCCA Dx5 281

Glu-D1 UMN26 UMN26F: CGCAAGACAATATGAGCAAACT Dy10 397

UMN26R: TTGCCTTTGTCCTGTGTGC Dy12 415

Fig. 3 Validation of the new markers for HMW glutenin subunits
using the 16 wheat cultivars with known subunits listed in Table 1. The
expected product sizes of each allele are indicated at the right of the gel
images
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nucleotide substitution A for G (Fig. 1a) in the region
ampliWed with marker UMN19 can be used as a SNP
marker to diVerentiate the Ax-null allele from subunits Ax1
and Ax2*. We are planning to develop and validate SNP
markers for this region in the near future.

Both UMN25 and UMN26 target the Glu-D1 locus, and
either one of them should be adequate to select for the
favorable allele Glu-D1d (Dx5 + Dy10) as demonstrated
above. Recombinants between the x-type and y-type genes
can be identiWed when both markers are used for genotyp-
ing. Alleles Glu-D1b (Dx3 + Dy12) and Glu-D1c
(Dx4 + Dy12) are associated with poor bread making qual-
ity (Payne et al. 1987). For populations involving these two
alleles, marker UMN26 can be used to select for the favor-
able subunit combination Dx5 + Dy10. The sequences of
allele Dx3 and Dx4 are currently not available, and we have
not tested whether marker UMN25 is polymorphic between
Dx5 and Dx3, or between Dx5 and Dx4.

We did not report DNA markers for the Glu-B1 locus for
two reasons. First, the subunit pairs with negative eVects on
bread making quality such as Bx6 + By8 or Bx20 + By20
are rare among the parental lines in the breeding program at
the University of Minnesota. Thus, the demand for selec-
tion of the Glu-B1 locus is not urgent in our breeding pro-
gram. Second, currently available markers for Glu-B1 locus
are suYcient. Schwarz et al. (2004) reported a co-dominant
marker to select against the Glu-B1d allele (Bx6 + By8).
The over-expressed Bx7 subunit encoded by the Glu-B1al
allele is desirable for high dough strength. We have tested
the recently reported DNA markers speciWc for the Glu-
B1al allele (Ragupathy et al. 2008) and found them to work
well with the DNA analyzers used in the USDA-ARS geno-
typing lab in Fargo, North Dakota (data not shown).

These three markers were not developed as a replace-
ment for other techniques such as SDS-PAGE to identify
the HMW glutenin subunit composition of wheat cultivars
due to redundancy in PCR product size among diVerent
subunits. For example, two additional subunits encoded by
the Glu-A1 locus, Ax2*B (Juhasz et al. 2001) and Ax2..
(Gobaa et al. 2007), also have been cloned and sequenced.
Allele Ax2*B (GenBank accession EF055262) contains the
same 18-bp deletion as that observed in Ax2*, and thus
alleles Ax2*B and Ax2* should have the 344-bp PCR prod-
ucts for marker UMN19. There is no size polymorphism
among alleles Ax2.. (GenBank accession DQ533690), Ax1
and Ax-null in the region ampliWed by marker UMN19, and
the 362-bp PCR products are expected for all three types of
subunits. Therefore, neither the 344-bp allele nor the 362-
bp allele is unique to one type of subunit at the Glu-A1
locus. At the Glu-D1 locus, Wan et al. (2005) reported four
other x-type genes, in addition to Dx2 and Dx5. On the
basis of their nucleotide sequences, the expected product
size for marker UMN25 should be 299-bp for all four novel

x-type genes. Therefore, marker UMN25 cannot be used
alone to postulate the types of Glu-D1 HMW glutenin sub-
unit of wheat because other Dx subunits may produce the
same size PCR fragment as Dx2 or Dx5. In addition to sub-
units Dy10 and Dy12, dozens of y-type gene sequences of
bread wheat and its alien species perfectly match the primer
sequences of marker UMN26 based on the results of
BLAST searches of the nucleotide sequence collection of
GenBank. Even though most of these sequences have not
been characterized in detail, it is clear that the product size
of 397-bp or 415-bp for marker UMN26 is not limited to
wheat lines possessing the Dy10 or Dy12 HMW glutenin
subunits.
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